that the levels of differentiation of autosomes vs sex chromosomes across all studied taurine and 41 indicine breeds are likely to have been affected by widespread breeding practices associated with male-42 biased gene flow. 43 44 3
Background 23
Iberian primitive breeds exhibit a remarkable phenotypic diversity over a very limited geographical 24 space. While genomic data are accumulating for most commercial cattle, it is still lacking for these 25 primitive breeds. Whole genome data is key to understand the consequences of historic breed 26 formation and the putative role of earlier admixture events in the observed diversity patterns. 27
Results

28
We sequenced 48 genomes belonging to eight Iberian native breeds and found that the individual 29 breeds are genetically very distinct with F ST values ranging from 4 to 16% and have levels of nucleotide 30 diversity similar or larger than those of their European counterparts, namely Jersey and Holstein. All 31 eight breeds display significant gene flow or admixture from African taurine cattle and include mtDNA 32 and Y-chromosome haplotypes from multiple origins. Furthermore, we detected a very low 33 differentiation of chromosome X relative to autosomes within all analyzed taurine breeds, potentially 34 reflecting male-biased gene flow. 35 Conclusions 36
Our results show that an overall complex history of admixture resulted in unexpectedly high levels of 37 genomic diversity for breeds with seemingly limited geographic ranges that are distantly located from 38 the main domestication center for taurine cattle in the Near East. This is likely to result from a 39 combination of trading traditions and breeding practices in Mediterranean countries. We also found 40 5 various cultures that inhabited this territory, and breeds are often defined based on morphological traits 72 such as coat color, as well as horn size and body shape. 73
Recently, the Food and Agriculture Organization (FAO) has warned that about 67% of the Iberian cattle 74 breeds are at risk as many of these have less than 1,000 breeding females and/or less than 20 breeding 75 males [3] , which reinforces the need for a continued conservation strategy. The complex origin of the 76 Iberian primitive breeds is reflected in their high diversity in Y-chromosome haplotypes, including the 77 major taurine Y1 and Y2 haplogroups [13, 14] and unique patrilines [15] , as well as distinct maternal 78 lineages, i.e. common European T3-matrilines along with more distinct Q-haplotypes [14, 16, 17] , and a 79 strong influence of T1-lineages of African origin [18] . This higher diversity relative to their European 80 counterparts is quite notable, given the geographic distance of this territory from the presumed Near-81
Eastern center of domestication [4, 13, 14, 19, 20] . This renders Iberian cattle a great example for 82 investigating the genomic impact of the intricate processes of cattle diversification both regarding the 83 last 200 years of specific breed formation and the putative earlier admixture events. 84
To uncover genome-wide patterns of diversity associated with the formation of primitive cattle breeds, 85
we sequenced the genomes of 48 individuals belonging to eight breeds of native Iberian cattle ( Fig. 1A) . 86 Their breed denominations have been shown to agree with population structure inferred from 87 microsatellites [16, [19] [20] [21] . Noteworthy, no clear structure is recovered when using genotypes 88 determined with the Illumina Bovine High-Density 777k SNP BeadChip in the context of European cattle 89
[4], likely a result of ascertainment bias as Iberian breeds were not included in the discovery panel of the 90 genotyping assay. This reinforces the need for full genome data to accurately determine genetic 91 diversity and measure population differentiation [22] . 92
We confirm that there is a clear genetic distinction between Iberian cattle breeds. In addition, we 93 demonstrate that breed management and associated demographic processes had profound effects on 94 6 genomic diversity and resulted in unusual patterns of genetic differentiation for autosomes vs sex 95 chromosomes. We further describe genome-wide diversity and introgression in Iberian breeds in 96 ). This is consistent with an analysis of microsatellite loci, which showed Arouquesa as having the 133 lowest mean genotype membership proportions [19] . This breed is mostly raised in a region located 134 south of the Douro river in the district of Viseu ( Fig. 1A) , bordering the area of production of Maronesa 135 and in remote times also of the once abundant Mirandesa cattle. Arouquesa has also historically been 136 crossbred with the latter to produce the highly valued "vitela de Lafões", a meat product certified by the 137 European Union with Protected Geographical Indication, and so admixture is intrinsically linked to its 138 history. Another breed showing high heterogeneity was Mertolenga (Additional file 1: Figure S2 ), one of 139 the most phenotypically diverse Iberian native breeds, with its three distinct coat color phenotypes 140 mostly raised in separate herds [19] . 141
We assessed the levels of genetic differentiation between breeds by calculating the fixation index (FST). 142
In general, we observed high levels of differentiation (average 9%), even when admixture has occurred, 143 which precludes the use of Iberian cattle as a single evolutionary unit. Consistent with their higher had been previously shown to have the lowest heterozygosity in a microsatellite panel [19, 20] ). 164
Management and demographic histories may explain the lower genetic diversity observed in these three 165 breeds. As mentioned above, Mirandesa has recently (since the 1970s) suffered a drastic reduction in 166 population size, and significant inbreeding was detected in Brava and Alentejana [19] . 167
168
We then used the maximum likelihood approach implemented in Treemix [28] to uncover the historical 169 relationships between the breeds (Fig. 2B ). We intersected our whole genome data with the Illumina 170
BovineHD SNP data of 25 European primitive breeds from [4] , which shows that our selection of breeds We explicitly test for differential African cattle introgression into Iberian breeds, using the D-statistics 178 [29, 30] . We can confirm that there is a significant excess of shared derived alleles in varying amounts 179 between Iberian breeds and the African taurine N'Dama when compared to a panel of European taurine 180 breeds ( Fig. 3 ). This was observed both for southern Iberian Brava that had the largest African (N'Dama) 181
influence, but also in breeds from the north of Portugal such as Barrosã. These results are further 182 corroborated by the occurrence of ~17% of T1-matrilines in the Iberian cattle analyzed here (Fig. 4) . The 183
Iberian Peninsula and the Maghreb regions share natural zoo-geographical affinities, and there were 184 complex biogeographic and historic faunal and human relationships during much of the early Holocene, 185 which could explain these patterns of genomic admixture. We did not find evidence of indicine 186 introgression in Iberian cattle, but given that the indicine cattle in our sample has taurine introgression 187 (confirmed by the presence of T1 taurine mitochondrial haplotypes in all the indicine samples of Fig. 4 [13] . While the Y3 lineage is specific of indicine cattle [14] . In addition, the 197 effective population size of the cattle Y-chromosome is strongly reduced by the reproductive success of 198 popular sires. The paternal diversity of Iberian cattle (Additional file 1: Figure S6 and Table S2) FST values between Iberian breeds and other taurine cattle ranged from 12% to 33%, partially 211 overlapping the divergence values observed for comparisons within Iberian breeds (Table 1) . Mirandesa, 212 the most divergent within the Iberian breeds, has the highest FST values relative to all other breeds ( Fig.  213 5A). The taurine breed with the overall highest FST relative to the Iberian was the Jersey cattle which 214 may be explained by the insular isolated status of this breed [32], although we must note that this might 215 not be a representative sample of the breed. 216
The lower effective population size in chromosome X relative to the autosomes should lead to stronger 217 impact of the bottleneck (or population structure) caused by breeding practices, observed in an overall 218 higher Tajima's (Additional file 1: Figure S4 ). In this scenario, genetic drift would be expected to result in 219 12 higher F ST values for chromosome X (lower effective population size [33] ) relative to autosomes, , which 220 is what we observe when we compare taurine and indicine cattle (Fig. 5B ). However, comparisons within 221 taurine and within indicine show a much higher FST for autosomes than for chromosome X (Fig. 5B ; 222 Additional file 1: Figure S7 ). This is in agreement with extensive male-biased gene flow within taurine 223 and within indicine -since males have a single copy of chromosome X, introgression will be more 224 efficient on the autosomes. It is "known" that female populations are more likely to be geographically 225 constrained and human-driven crossbreeding may have been carried out mainly using males [34] . This 226 could also explain the difference in ancestry assignments for autosomes and chromosome X ( Table S1 . We selected a total of 254 48 animals representative of Iberian cattle, namely from the Portuguese breeds Alentejana, Arouquesa, 255 Barrosã, Brava de Lide, Maronesa, Mertolenga, Mirandesa and Preta (Fig. 1) . The 6 animals of each 256 breed included in our study were nonrelated back to the second generation, originated from several 257 herds, and portray the genetic diversity observed for autosomal microsatellite loci, mitochondrial DNA 258 and Y-chromosome sequences [14, 19] . Sampling was done as described in [19] , briefly 9 ml of whole-259 blood were collected from each animal by qualified veterinarians during their routine practice in the 260 framework of official health control programs. Additionally, we used previously generated publicly 261 available genomic data to make population genomics inferences in the context of worldwide cattle: i) 262 
Laboratory procedures 279
Genomic DNA was extracted using a modified salting-out precipitation method (Gentra Puregene Blood 280 Kit, Qiagen) according to the manufacturer's recommendations. We prepared equimolar DNA 281 concentrations for all animals before library construction using nanodrop™ and Qubit measurements. The 48 samples were sequenced to between 1.4X and 2.3X depth of coverage (Additional file 1: 
Sequencing error rates 299
Sequencing error rates were determined in ANGSD [37] using a method that relies on an outgroup and a 300 high quality genome to estimate the expected number of derived alleles (similar to a method described 301 by Reich et al [42] ). Briefly, if we observe a higher number of derived alleles in an individual we assume 302 that this excess is due to errors. If the high-quality genome is error free, we will obtain an estimate of 303 the true error rate. If there are errors in the high-quality genome, then the estimated error rate can 304 roughly be understood as the excess error rate relative to the error rate of the high-quality genome. 305 5. Population structure 306 NGSadmix version 32 [25] was used to detect population structure with autosomal data from samples 307 for which shotgun resequencing data was available. NGSadmix infers population structure from 308 genotype likelihoods (that contain all relevant information on the uncertainty of the underlying 309 genotype [43]). NGSadmix was run for K equal to 2, 3, 4, 5 and 6 for sites present in a minimum of 10% 310 of the individuals: a total of 951,213 SNP sites for the 48 Iberian samples (Fig. 1B) ; 129,829 SNP sites for 311 16 the data set including all 128 animals ( Fig. 2A) ; 628,774 for SNP sites for the data set including the 94 312 female individuals (Fig. 6) . The program was run with different seed values until convergence was 313 reached. 314
A principal component analysis using the same SNP set for the Iberian breeds was done with PCAngsd 315
[38] which estimates the covariance matrix for low depth NGS data in an iterative procedure based on 316 genotype likelihoods. Genotype likelihoods for all individuals were generated with ANGSD [37] (options -317 Competing interests 362 We have no competing interests. 363 
